Bleomycin (BLM) binding and chemistry are apparently sensitive to differences in nucleic acid conformation and could conceivably be developed as a probe for sequence-dependent elements of conformation. We report on the development of a new methodology to synthesize heterogeneous DNA-RNA hybrids of defined sequence and present the results of our comparative studies on the cleavage of DNA and DNA-RNA hybrids by four drugs: BLM, neocarzinostatin and esperamicins A 1 and C. In the case of BLM with duplex DNA, purinepyrimidine steps such as GT and GC, are consistently hit, as previously observed. However, in heterogeneous sequence hybrids, not all GC sites are recognized by the drug, although all GT sites are. Suppressed GC sites are consistently flanked by pyrimidines on both the 3′ and 5′ sides, suggesting that the BLM binding site in hybrids spans at least four bases. Kinetic isotope studies with specifically deuterated substrates (k H /k D = 1.2-4.0) and the effect of oxygen on the product profile are presented in support of a mechanism consistent with 4′-hydrogen abstraction in hybrids. The powerful double-labeled probe technique was extended to study the mechanism of action of other DNA degrading drugs on DNA-RNA hybrids. For neocarzinostatin, the sequence specificity lies in the AT-rich region for hybrids and is similar to that of DNA, however, the overall cleavage pattern for the hybrid is significantly different from that for the same sequence of DNA. In the hybrid, a stretch of AT residues is essential and the A sites are damaged to a greater extent than they are in DNA. However, no kinetic isotope effects are observed and, based on the product profile, the mechanism of degradation of the DNA strand of hybrids seems to be limited to abstraction of the 5′-hydrogen. For esperamicin A 1 , damage on the DNA strand of hybrids occurs exclusively via 5′-hydrogen abstraction in a non-rate determining step and primarily at A and T sites. Esperamicin C behaves similarily, exhibiting no isotope effects at 1′, 4′ and 5′ positions. Overall, the differences observed in site-specific cleavage between the two substrates is proposed to be a result of conformational differences between the DNA strand of duplex DNA and DNA-RNA hybrids.
INTRODUCTION
Elucidation of the mechanisms of action of DNA cleaving agents, such as bleomycin (BLM) and the enediyne antibiotics, has been the focus of study of many laboratories. A central mechanistic theme is homolysis of carbon-hydrogen bonds in the deoxyribose moiety of DNA. Since the initial discovery of the antineoplastic activity of BLM ( Fig. 1 ) (1), much research has focused on dissecting its mechanism of action. In the presence of Fe(II) and O 2 or Fe(III) and H 2 O 2 , a ternary complex is formed with BLM resulting in the generation of activated BLM (2) (3) (4) . Recently, activated BLM has been identified by electrospray mass spectrometry as a ferric hydroperoxide and is the last detectable intermediate prior to DNA strand scission (5) . Activated BLM is proposed to propagate a cascade of reactions via an initial rate limiting homolytic 4′-hydrogen abstraction step. Extensive mechanistic studies have supported a mechanism in which the 4′-carbon radical partitions to yield two monomeric products, the free base and the base propenal, and ultimately DNA strand scission products (7) (8) (9) (10) (11) (12) (13) . A range of 4′-hydrogen kinetic isotope effects are observed along the length of the DNA and are attributed to sequence-dependent variations in conformation, suggesting that the rate of site-specific cleavage is related to the polymorphic nature of DNA (14) .
Another class of compounds, which include neocarzinostatin and the esperamicins (Fig. 1) , contain an enediyne structure and can concomitantly cleave both strands of a DNA duplex. The esperamicins are a class of potent antitumor antibiotics that are characterized by the presence of a 1,5-diyne-3-ene as part of an unusual bicyclo [7. 3.1] ring system. The drugs are activated by reduction of an allylic trisulfide followed by Michael addition of the resulting thiolate to the α,β-unsaturated ketone at the bridgehead of the bicyclic ring system and subsequent aromatization of the enediyne to a phenyl biradical (13, 15) . This carbon-centered biradical has been proposed to directly abstract a hydrogen from the deoxyribose of DNA to induce strand scission. Esperamicin A 1 (esp A 1 ) abstracts the 5′-hydrogen (16) and recent work by Yu and co-workers (17) suggests that a low level of 1′-hydrogen chemistry may also occur. Esperamicin C (esp C) abstracts both the 4′-hydrogen and 5′-hydrogen, resulting in double-strand DNA cleavage (16) .
Neocarzinostatin, an enediyne antibiotic isolated as a proteinbound complex, also generates a biradical species (NCS*) (18, 19) . NCS* shows high affinity for the 5′-hydrogens of A and T sites to generate 5′-aldehyde and 3′-phosphate termini (20, 21) , whereas 4′-hydrogen abstraction results in partitioning between a modifed abasic carbohydrate terminus and a 3′-phosphoglycolate terminus. The ratio of these two termini appears to be modulated by the structure of the thiol (22) . Kinetic isotope effects have been reported for 4′-and 5′-hydrogen abstraction by neocarzinostatin (22, 23) .
Although DNA degradation by various drugs has received considerable attention, the mechanism of action of these compounds on DNA-RNA hybrids has been relatively unexplored. Since RNA is the key intermediate between the genetic information in DNA and expression of that information as protein, it is possible that the therapeutic activity of these drugs may also reside in their ability to cleave DNA-RNA hybrids. Haidle and Bearden first reported that BLM degrades only the DNA strand of hybrids (24) . Our subsequent studies using DNA-RNA hybrid homopolymers confirmed that DNA strand scission occurs via 4′-hydrogen abstraction, but yielded different ratios of monomeric products (25, 26) . Morgan and Hecht have recently reported that both strands are cleaved in a substrate prepared by reverse transcription of single-stranded RNA (27) . In addition, tRNA degradation by BLM has been reported to be conformation and not sequence dependent (28, 29) . Recently, Goldberg and coworkers have reported double-stranded damage in short oligonucleotide hybrids by neocarzinostatin (30) .
We report here on a methodology to prepare heterogeneous DNA-RNA hybrids and on our results comparing site-specific cleavage in hybrids and in duplex DNA of identical sequence with BLM, neocarzinostatin and the esperamicins. Our results demonstrate that these agents cleave the DNA strand of DNA-RNA hybrids in a unique structure-and sequence-dependent manner as compared with duplex DNA. Possible explanations for the differences observed in site specificity and overall extent of cleavage are discussed.
MATERIALS AND METHODS

Materials
Blenoxane, a mixture of BLM A 2 and B 2 , was a gift from Bristol-Meyers Squibb and was used without further purification. NTPs and dNTPs were purchased from Pharmacia and from US Biochemical Corp. (USB). Deuterated NaBH 4 (99% atom D) and deuterated diborane (BD 3 ·THF, ∼1 M) were purchased from Norell Inc. and Alfa respectively. [4′-2 H]dTTP and [5′-di 2 H]dTTP were prepared as previously described (10, 11, 22) . [4′-2 H]dCTP was prepared as described by Zhang (31) . [γ-32 P]ATP (>5000 Ci/ mmol) was obtained from Amersham Inc.
Calf intestinal phosphatase, RQ1 RNase-free DNase, EcoRV, BamHI and recombinant ribonuclease inhibitor (rRNasin) were purchased from Promega. The cloning vector pT7/T3α-18, T7 RNA polymerase and RNase H -M-MLV reverse transcriptase were purchased from Bethesda Research Laboratories. T4 polynucleotide kinase and phenol:chloroform:isoamyl alcohol (25:24:1) mixture were obtained from USB. All primers were prepared by Oligos Inc. and acrylamide and N,N′-methylene bisacrylamide were from Research Organics. The Nuctrap columns used to remove excess nucleotides were from Stratagene.
Construction of pUM 346
DNA-RNA hybrid synthesis was accomplished by first constructing the plasmid pUM 346 via published cloning techniques (32) using the HindIII-BamHI fragment of pBR322 and the cloning vector pT7/T3α-18. This 346 bp region was chosen as the sequence of interest because it contains a large number of strong BLM cleavage sites. Plasmid pUM 346 contains the strong promoters for T3 and T7 RNA polymerase (Scheme 1). 
Preparation of RNA
To prepare RNA, pUM 346 was linearized with EcoRV, the site for which lies between the HindIII-BamHI restriction sites. The RNA strand was prepared in a 50 µl reaction with 1.2 µg linearized pUM 346. A typical reaction mixture contained 40 mM Tris-HCl, pH 8.0, 25 mM NaCl, 8 mM MgCl 2 , 2 mM spermidine-(HCl) 3 , 50 mM dithiothreitol (DTT) and 2 mM each NTP. Recombinant ribonuclease inhibitor (40 U) was added and, after incubating the reaction mixture for 5 min at 37_C, 250 U T7 RNA polymerase (BRL) was added. Transcription was carried out for 1 h and the resulting RNA and DNA mixture treated with 5 U RNase-free DNase. The reaction was terminated by the addition of 50 µl 0.1 M EDTA and the proteins removed with two phenol:chloroform:isoamyl alcohol (25:24:1) extractions. The RNA was then precipitated via standard procedures and immediately used to prepare hybrids.
Preparation of DNA-RNA hybrids
The RNA was resuspended in 9 µl water, mixed with 1 µg primer complementary to the 3′-end of RNA, heated at 70_C for 10 min and then cooled on ice for primer annealing. In a final volume of 50 µl, 1.7 mM dNTPs, 40 U rRNasin, 1000 U RNase H -M-MLV reverse transcriptase, 10 mM DTT, 50 mM Tris-HCl, pH 8.3, 75 mM KCl and 3 mM MgCl 2 were added to the RNA-primer complex solution. The reaction was heated at 42_C for 90 min and the hybrid purified from excess primer on a 5% non-denaturing polyacrylamide gel. The gel was soaked in 1% (w/v) ethidium bromide solution and the fluorescent band corresponding to the hybrid cut out and the hybrid eluted into 10 mM Tris-HCl via standard procedures.
For 5′-end-labeling, 6 U T4 polynucleotide kinase was added to a 40 µl solution containing hybrid, 40 U rRNasin, 50 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 10 mM 2-mercaptoethanol and 180 µCi (>5000 Ci/mmol) [γ-32 P]ATP. The reaction was incubated at 37_C for 1 h. Hybrid was purified from free [γ-32 P]ATP via two procedures. First, the sample was loaded onto a Nuctrap nucleotide purification column (Stratagene) to remove the bulk of unreacted [γ-32 P]ATP. Second, since an accurate number of counts of hybrid probe per BLM reaction was required, all traces of [γ-32 P]ATP were removed by purification on a 5% non-denaturing polyacrylamide gel.
Preparation of deuterated DNA-RNA hybrids
In a procedure similar to that described above, a final concentration of 1.8 mM [4′-2 H]dCTP or 2.9 mM [4′-2 H]dTTP or [5′-di 2 H]dTTP was used in place of the protonated analog. The amount of RNA used in an individual hybrid preparation varied, ranging from 1 to 2.5 µg/reaction.
Preparation of DNA
The plasmid pUM 346 linearized with EcoRV was dephosphorylated with calf intestinal phosphatase (CIP; Promega). Since the DNA was blunt-ended, the standard procedure for dephosphorylation was modified: 10 µg DNA was incubated with 0.2 U CIP at 37_C for 15 min and at 56_C for another 15 min before a second aliquot of 0.2 U CIP was added. The mixture was again incubated at 37_C for 15 min and at 56_C for 15 min. The enzyme was heat inactivated at 65_C for 20 min and removed by phenol:chloroform:isoamyl alcohol (25:24:1) extraction twice. DNA was precipitated using standard techniques.
The DNA was radiolabeled under the same conditions as the hybrid described above. After the kinase reaction, however, and before precipitation, the DNA was reacted with BamHI to generate the labeled 187 bp fragment used in BLM reactions and the longer 2500 bp labeled fragment was discarded. Three microliters of 3 M NaCl was added to the labeling mixture to optimize the reaction conditions for BamHI. These fragments were precipitated together and the 187 bp piece purified on a polyacrylamide gel as for the hybrids above.
Preparation of 4′-deuterated DNA
The DNA used to determine isotope effects was 187 bp and was made by PCR. The final reaction mixture contained 10 mM Tris-HCl, pH 8.8 at 25_C, 50 mM KCl, 0.1% Triton X-100, 2.5 mM MgCl 2 , 1 mM BamHI primer, 2 mM EcoRV primer, 10 ng HindIII-BanII template DNA, 5 U Taq polymerase, 0.2 mM non-deuterated nucleotides (except for the analogous deuterated nucleotide) and 0.36 mM [4′-2 H]dCTP or 0.7 mM [4′-2 H]dTTP in a final reaction volume of 100 µl. PCR cycling was initiated by heating at 92_C for 1 min. Then the following temperature/time conditions were cycled 35 times: 92_C for 1 min, 37_C for 2 min and 74_C for 1.5 min. The DNA was end-labeled as above and then digested with BamHI, precipitated and purified as above. The sequence was confirmed by Maxam-Gilbert sequencing (33) .
Drug-polynucleotide reaction conditions
BLM reaction mixtures contained 200 000 c.p.m. hybrid or 100 000 c.p.m. 32 P-labeled DNA probe, 2.5 µM BLM, 8.75 µM FeSO 4 ·7H 2 O, 0.125 µg/µl salmon sperm DNA in 50 mM Tris-HCl, pH 7.5, and were performed as described previously (12) . Neocarzinostatin reaction conditions were the same as those used earlier (22) . For esp A 1 and C (16) the concentration of esp A 1 was increased 25-fold and 15-fold for esp C in hybrid reactions as compared with those with DNA. The hybrid was sequenced using Maxam-Gilbert sequencing methods to determine sequence specificities of BLM (33) .
Product analysis
Denaturing polyacrylamide gels (12 or 20% 30:1 acrylamide:N,N′-methylene bisacrylamide, 1× TBE, 7 M urea) were pre-run at 2000 V for 30 min at 50_C. Equal amounts of radioactivity for each reaction sample were loaded on the gel after heat denaturation at 90_C for 2 min and subsequently electrophoresed for an additional 2 h. The gels were transferred to Whatman 3MM chromatography paper for drying and autoradiographed by two methods: first, the conventional technique using Fuji AIF-RX film and, second, PhosphorImager 400A (Molecular Dynamics) analysis in order to integrate the volume of the bands at each cleavage site using ImageQuant software (Molecular Dynamics). This procedure has been previously described (22) .
Data analysis
Cleavage ratios at corresponding sequence sites for hybrid versus DNA were calculated by taking ratios for volumes of the bands for cleavage of hybrid (rNdN) to the volumes of the same bands for DNA at a particular sequence site. These values were then normalized to an appropriate internal standard. For example, in Table 1 the rNdN/DNA ratios are normalized to T245. At this site there is about equal cleavage in both substrates. However, C205 was chosen as an internal control for studying [4′-2 H]dCTP substitution effects because this site is within the primer region of the hybrid and is not deuterated. C223 was chosen as the internal control for [4′-2 H]dTTP studies. (Note that for isotope studies with [4′-2 H]dCTP with DNA, T214 was the internal control and not C205. Either site could have been used; the observation that both values were ∼1 indicates that the method of analysis is accurate.) The site attacked by BLM is underlined in the first column. In the second colulmn, the site position in pBR322 is listed. The experiment was repeated five times and the ratios obtained, along with the standard deviation, are reported in the third column. A value of zero indicates 100% suppression in the hybrid at that site relative to DNA, whereas a value of 1 indicates equal hitting in the hybrid and DNA. This table is arranged in three groups: first, GC sites that are suppressed in hybrids; second, GC sites that have about equal or greater hitting in hybrids than in DNA; third, sites which are used as internal controls. The percent cleavages, with respect to the internal control T245, are listed for each site analyzed in both substrates in the last two columns.
RESULTS
Synthesis of DNA-RNA hybrids
We have developed a new enzymatic method designed to prepare long hybrids of defined sequence with fidelity (Scheme 1).
Starting from the site of initiation of transcription, the length of the RNA transcribed from linearized plasmid pUM 346 with T7 RNA polymerase was 214 bases. After reverse transcription reactions, the prepared hybrid was 5′-end-labeled and sequenced by Maxam-Gilbert reaction: a ladder of bands corresponding to the sequence of the pBR322 insert from which pUM 346 was made was the affirmative test of hybrid formation. Simpler methods to confirm hybrid synthesis were not dependable, since this particular hybrid did not migrate significantly differently from single-stranded RNA on agarose or non-denaturing acrylamide gels. Acridine orange was also not useful in differentiating single-from double-stranded species due to the highly folded nature of this RNA. Autoradiograph of a 20% denaturing acrylamide gel comparing the product profile of the HindIII-BamHI sequenced duplex DNA with DNA-RNA hybrids (rNdN) with BLM. The 5′-32 P-end-labeled substrates were cleaved with Fe(II) and BLM as described in Materials and Methods and the products resolved by electrophoresis. Samples were analyzed prior to and after piperidine (pip) treatment as indicated. The doublets observed before piperidine treatment are oligomers containing 3′-phosphoglycolate (PG) termini and a 3′-termini that is alkali labile (ALM). The band representing ALM disappears into a band representing 3′-phosphate termini (P) after piperidine treatment.
The three oligomeric products of BLM-mediated damage are resolved and found to be the same for both substrates, however, degradation is not observed to occur at C40 in the hybrid substrate. The numbers correspond to the plasmid map of pBR322.
Comparison of DNA duplex and DNA-RNA hybrid cleavage Figure 2 shows an autoradiograph of a high resolution 20% polyacrylamide gel that resolves the oligomeric products formed by BLM-mediated cleavage at specific sites in DNA and in hybrids of the HindIII-BamHI sequence of pBR322. Comparison of the electrophoretic profile for a particular site of damage in the hybrid of the DNA strand was identical to that of the corresponding DNA duplex. For example, the two bands observed at thymidine 46 (T46; the number corresponds to the base position in pBR322) before base treatment were equally intense for both substrates. After treatment with 1 M piperidine, the migratory pattern changed and the slow moving alkali-labile moiety (ALM) disappeared, while a new, faster band appeared, which represented the 3′-phosphate (P) oligomer (12, 14) . The fastest moving band at each site represented the 3′-phosphoglycolate (PG) termini. (The piperidine-treated hybrid lane had fewer c.p.m. loaded onto the gel and was therefore faint compared with the other lanes, however, this does not affect the analysis.) However, although all GT sites were cleaved in both the duplex DNA and in the hybrid, no cleavage was observed at the GC40 site (the base underlined is the site of attack) in the hybrid. Another site, GC64 (not shown), also exhibited decreased damage in the hybrid.
The initial experiments with the HindIII-BamHI sequence of pBR322 above revealed that GT sites were recognized and cleaved to the same extent in both the hybrid and duplex DNA substrates and damage at GC sites was suppressed. This led to subsequent investigation of BLM mediated-cleavage in the hybrid of the EcoRV-BamHI sequence. This region contains more GC and GT dinucleotide steps within a shorter span, compared with the original sequence, which allows the investigation of a 50 bp region containing nine GC sites and six GT and AT sites. Figure 3 shows a representative gel (12% polyacrylamide) of BLM cleavage of hybrid (rNdN) versus duplex DNA. Table 1 lists the normalized ratios of cleavage of the hybrid (rNdN) to duplex DNA. A dramatic suppression of cleavage at some GC sites and an apparent reversal at others was observed. For example, at GC210 there was almost complete suppression, whereas at GC205 an apparent 3-fold greater cleavage was observed in the hybrid compared with DNA. At all suppressed GC sites, the bases immediately 3′ and 5′ of the dinucleotide step (5′-X GC X-3′) were pyrimidines. At other GC sites the 3′ base was always a purine and the 5′ base a purine in 60% of the sites analyzed. 5′-AT-3′ sites, which usually are not preferred hit sites in DNA, were cleaved significantly in the hybrid. For example, at AT239 damage was almost 6-fold more in the hybrid than in DNA.
Oxygen modulation experiments with bleomycin
The proposed mechanism of BLM-mediated DNA damage (34) correctly predicts that changes in the concentration of O 2 affect the ratio of 3′-phosphate (P) and 3′-phosphoglycolate (PG) termini, with high O 2 concentrations favoring PG termini. Acrylamide gels (20%) were used to compare the product profiles of reactions of the EcoRV-BamHI sequenced DNA fragment with the corresponding hybrid in which the reactions were performed at 4_C under 1 atm O 2 (data not shown). At the three sites analyzed in DNA, the amount of PG production dramatically increased at elevated O 2 concentrations and the formation of ALM and phosphate was minimal before and after base treatment, as previously observed (12) . In the hybrid, the amount of PG produced increased with elevated oxygen at C205 and T214 and little phosphate production was detected. At C210, a suppressed site, very little damage was observed, consistent with the results reported above.
Under anerobic conditions, the trend in product formation in the hybrid of the HindIII-BamHI sequence was reversed: the amount of phosphate produced was greater than PG (Fig. 4) . For example, at C40, although the amount of P and PG increased, the proportional increase in phosphate and ALM was much greater than PG. At T46, PG production completely disappeared, with a simultaneous increase in ALM; after base treatment the ALM was converted exclusively into 3′-phosphate. Autoradiograph of a 20% denaturing acrylamide gel comparing the products of hybrid degradation under ambient and anerobic (Anr) conditions. The 5′-32 P-end-labeled substrates were cleaved with Fe(II) and BLM as described in Materials and Methods and the products resolved by electrophoresis. Samples were analyzed prior to and after piperidine (Pip) treatment as indicated. The production of a 3′-ALM and 3′-phosphate (P; after piperidine treatment) increases under anerobic conditions and at some sites (GT46) 3′-phosphoglycolate termini formation is suppressed. This suggests that DNA and DNA-RNA hybrid degradation by BLM follow the same proposed mechanism (12). Autoradiograph of a 12% denaturing acrylamide gel comparing the product profiles of degradation of DNA and hybrids. The 5′-32 P-end-labeled substrates were cleaved with NCS-chrom as described in Materials and Methods and the products resolved by electrophoresis. Samples were analyzed prior to (lanes A and C) and after piperidine (lanes B and D) treatment. The sequence specificity lies in the AT-rich region for hybrids and is similar to that of DNA, however, the overall cleavage pattern for the hybrid is significantly different from that for the same sequence of DNA.
Kinetic isotope effects in hybrids and DNA with bleomycin
Isotope effects were measured at a number of cleavage sites utilizing substrates specifically deuterated at the 4′-position of deoxyribose residues. As shown in Table 2 , isotope effects at [4′-2 H]thymidylate residues of GT dinucleotide steps in hybrids ranged from 1.2 to 2.3. In DNA, the values were from 1.4 to 2.2. Isotope effects at T sites of AT steps in hybrids were 2.5-4.0, but could not be accurately determined in DNA due to band compression. GC223 served as the internal control for both substrates. Kinetic isotope effect values in DNA at 4′-deuterated cytidylate sites ranged from 1.3 to 3.4. In hybrids, the values ranged from 1.2 to 2.6. Interestingly, GC230, a suppressed site in hybrids, had the highest isotope effect in both substrates and GC236, another suppressed site, exhibited a larger isotope effect in DNA than in hybrids. However, for GC223, which is not a suppressed site, an isotope effect was observed only in hybrids. The internal controls for these reactions had values of 1.
Degradation of hybrids and DNA with neocarzinostatin
DNA and the hybrid corresponding to the HindIII-BamHI fragment of pBR322, containing thymidine, [4′-2 H]dTTP or [5′-di 2 H]dTTP and a 5′-32 P-end-label, were prepared. The autoradiogram of the cleavage pattern of the duplex DNA and DNA-RNA hybrid is shown in Figure 5 . The cleavage pattern of DNA (Fig. 5, lanes A and B) corroborates previous results which indicated that NCS* cleavage occurred preferentially at AT-rich regions (35) . The damage at T sites exceeded the damage at A sites in DNA, in which typically A and T sites surrounded by purine residues were cleaved and bands corresponding to 3′-phosphate and 3′-phosphoglycolate were observed.
As in DNA, NCS* degrades hybrids with sequence specificity for AT-rich regions. However, the cleavage pattern for the hybrid was dramatically different to that for DNA (Fig. 5, lanes C and D) . Degradation of the hybrid by NCS* was restricted to a region with at least four A and/or T residues, whereas this was not necessary for DNA cleavage. In terms of chemistry, only 3′-phosphate fragments were observed prior to alkali treatment in the hybrid, with no 3′-phosphoglycolate fragment. No kinetic isotope effects for 4′-and 5′-hydrogens were observed (data not shown). In DNA, the deuterium partition isotope effect has been determined to be 2.4-5.5 and 1.0-2.6 respectively (22).
Degradation of hybrids and DNA with esperamicins A 1 and C
The HindIII-BamHI fragment of pBR322 was also used to investigate the mechanism of cleavage by the esperamicins in hybrids. As shown in Figure 6 , lane A, esp A 1 favors cleavage at T sites in the DNA duplex, supporting earlier findings (36, 37 (16) .
The DNA strand of the hybrid was degraded by esp A 1 in a manner similar to that in duplex DNA. The similarity in cleavage profiles for both substrates suggests the mechanism of action of the drug to be the same. The only difference between DNA and the hybrid was that ∼25 times more drug was necessary to cleave the hybrid compared with DNA.
Esp C degraded DNA with similar sequence specificity and reactivity to esp A 1 . However, unlike esp A 1 , esp C effects chemistry at the 4′ position of the deoxyribose ring (16) . Esp C degraded DNA in sets of three bases (the best examples are TTT and TTA) in which the middle base was the favored cleavage site. The first of the three base sequence only yielded 3′-phosphate ends. The second base, which was the most damaged site of the three, generated both phosphoglycolate and 3′-phosphate ends, although the phosphoglycolate end was generated in greater amounts. However, at the third base of such sequences, both ends were typically produced equally. There was no observed isotope effect with esp C at the 1′-, 4′-or 5′-sugar hydrogen position (data not shown). However, in the hybrid esp C does not react at the 4′ position of the deoxyribose ring, as indicated by the lack of phosphoglycolate ends ( Figure 6, lane D) .
DISCUSSION
Our initial studies with DNA-RNA hybrids used homopolymers to eliminate complicating sequence-dependent variations (25) . We pursued the use of hybrids to evaluate the chemistry of DNA strand cleavage by antibiotics in a nucleic acid that is not a traditional B-form helix. The methodology developed to synthesize hybrids allowed for not only sequence-specific, but also Figure 6 . Autoradiograph of a 20% denaturing acrylamide gel comparing the product profiles of DNA and hybrid degradation by esperamicins A 1 and C, as indicated on the gel. The 5′-32 P-end-labeled substrates were cleaved with drug as described in Materials and Methods and the products resolved by electrophoresis. Samples were analyzed prior to (Pip -, lanes A-D) and after piperidine (Pip +, lanes E-H) treatment as indicated. Lane B shows the presence of phosphoglycolate ends, which is associated with abstraction of the 4′-hydrogen for esperamicin C; esperamicin A 1 chemistry is limited to 5′-hydrogen abstraction, since only 3′-phosphate termini are observed (lane A).
for strand-specific substitution of base analogs and isotopes. Our present work compared a heterogeneous DNA-RNA hybrid with duplex DNA of the same sequence under identical drug reaction conditions. The results demonstrate the importance of nucleic acid conformation on site-specific drug cleavage.
In B-form DNA site-specific cleavage by BLM occurs predominately at 5′-GC-3′ and 5′-GT-3′ sites or, in general, at 5′-purinepyrimidine-3′ sites (38, 39) . Using the EcoRV-BamHI fragment of pBR322, we were able to corroborate these results, with most GC and all GT sites being preferentially hit (Fig. 3) . In the hybrid, BLM-induced degradation occurred at all T residues following G residues, but some discrimination occurred at GC sites.
Although BLM-induced degradation sites on the hybrid were more limited than in the DNA duplex, the mechanism of strand cleavage appears to be the same for the hybrid and DNA duplex, for the following reasons. First, the electrophoretic profile at a site of damage in the hybrid was identical to that of the DNA duplex. For example, in Figure 2 for both substrates at T46 before base treatment the two bands observed represent oligomer with a 3′-phosphoglycolate terminus (the faster band) and oligomer with a 3′-ALM (the slower band). After treatment with 1 M piperidine, the ALM moiety disappeared with generation of a new faster band, which represents the 3′-phosphate oligomer (12) . This is observed to occur with both substrates. Second, the ratio of these bands could be changed by varying the O 2 concentration, which is consistent with 4′-hydrogen abstraction (12) . Finally, kinetic isotope effects at 4′ positions but not at the 1′ position were observed (26) . These data suggested that the BLM complexes generated from B-form DNA and from the hybrid converge to a common structural motif, in which the 4′-hydrogen is accessible to BLM attack. On the other hand, since some of the favorable C residues after G residues were comparatively less damaged in the hybrid than in DNA [i.e. 5′-CGCC-3′ (C210)], the minor groove floor could be significantly different from that of B-form DNA, perhaps due to the structural modulation that must occur to accommodate the 2′-hydroxyl on the RNA strand of hybrids.
We suggest that two factors are major contributors to the variability in GC suppression: (i) flanking sequences; (ii) steric or electronic interference in BLM binding. In DNA-RNA hybrids the immediately flanking bases 3′ and 5′ of the GC sites were pyrimidines at all four suppressed GC sites [e.g. CGCC (C210)]. However, in sites where suppression did not occur, the base 5′ of the GC site was a purine 60% of the time and the base 3′ of the GC site was always a purine [e.g. AGCA (C205)]. This is in contrast to the studies of Murray and Martin with duplex DNA, which indicated that on a statistical basis the 3′ base was not predictive of the degree of cleavage at a specific dinucleotide step (40) . They did, however, conclude that the type of base immediately 5′ of the purine-pyrimidine cleavage site affected the extent of damage. This, in combination with our results, suggests that flanking sequences contribute more to BLM site recognition in the hybrid than in duplex DNA. In addition, DNase I footprinting studies indicated that metallobleomycin binding spans at least 2-3 bp (41) . The present results imply that BLM sequence specificity in the hybrid is due to a binding area encompassing 4 bp on the DNA strand.
The basis for GC suppression is difficult to clearly define at this time, since the binding constants for BLM to individual sequences in the hybrid have not been determined. However, on the basis of the average percent cleavage at each site of both DNA and the corresponding hybrid (Table 1 ), it appears that the average affinities of BLM for DNA and for the hybrid are comparable. Recent NMR and modeling studies from our laboratories suggest that a partial intercalation of the bithiazole group is a major determinant in the binding of BLM to DNA (42) (43) (44) . Preliminary modeling of BLM binding to a hybrid has not revealed any obvious steric interference with a similar intercalation mode. However, the possibility that steric barriers are present which prevent proper sequence-specific hydrogen bonding (i.e. hydrogen bonding of the 5′-G with the pyrimidine moiety of BLM) cannot be excluded. The proposition that the 2-amino group of the G on the RNA strand opposite the C cleavage site is responsible for the observed suppression is strengthened by the fact that its removal enhances cleavage at GC sites in hybrids (45) .
Cleavage at the minor lesion site AT was also affected in DNA-RNA hybrids. As in DNA, purine-pyrimidine dinucleotide steps were preferred, but the order of preference changed. The reaction order was found to be AT > GT > GC in hybrids, in contrast to the order GT ∼ GC > AT in duplex DNA (38, 39) .
The differences in the structure of DNA and the hybrids are also manifested in the chemistry mediated by NCS*. The identification of each band was established as previously described (22) . The formation of 3′-phosphate fragments prior to alkali treatment suggested that the mechanism of DNA strand degradation in hybrids by NCS* involved abstraction of the 5′-hydrogen (22) . Bands representing 3′-phosphoglycolate fragments were absent, suggesting that 4′-hydrogen abstraction does not occur.
The NCS chromophore cleaves the DNA strand of the hybrid and the structural differences between DNA and the hybrid alter the sequence specificity and the mechanism of degradation. The lack of an observed isotope effect in the hybrid at the 4′-position is consistent with a lack of 4′-hydrogen abstraction. However, the lack of a kinetic isotope effect at the 5′-position suggests that in the hybrid this step is not rate limiting. Furthermore, unlike DNA, in the hybrid the only pathway occurring is 5′-hydrogen abstraction. In DNA, observed KIEs were shown to partition between the 4′ and 5′ positions: isotope effects can be observed if one pathway is partially inhibited relative to a second pathway, thereby enhancing the latter (22) . In DNA there have to be two modes of binding to observe such a partitioning. However, our results suggest that the hybrid-NCS* complex is of a single orientation.
Other work from our laboratory with a putative A-form 782 bp HindIII-BamHI fragment of DNA (46) and NCS* showed no evidence of 4′-hydrogen abstraction, as well as no isotope effect at the 4′ or 5′ positions (data not shown). The products of degradation were most probably derived from 5′-hydrogen abstraction. These results were in contrast to our published results with putative B-form DNA (22) . More interestingly, however, the results with the 782 bp HindIII-BamHI fragment are similar to the results with DNA-RNA hybrids, since the DNA strands of hybrids have some A-form character (47) . Since the minor groove is wider in A-form DNA than in B-form DNA, the hydrogens are exposed to different extents. It is feasible that the 4′-hydrogens in polymers with A-form character are positioned such that the NCS chromophore cannot abstract them, whereas the 5′-hydrogens remain accessible. Since A-form polymers also do not show an isotope effect, it is possible that when the minor groove is widened, as in the hybrid, the kinetics of the reaction change and some step other than hydrogen abstraction becomes rate limiting. In B-form polymers, the 4′-and 5′-hydrogens are positioned towards the interior of the groove, allowing abstraction from either position. A change in the geometry of these hydrogens, combined with the change in the minor groove dimensions in A-form type polymers, could cause a shift in the damage profile by NCS* between the two structurally different DNA probes. This is in sharp contrast to BLM, which abstracts the 4′-hydrogen in a rate determining step regardless of conformation (this is also true for the DNA studies with BLM using the 782 bp HindIIIBamHI fragment).
In duplex DNA, esp A 1 abstracts the 5′-hydrogen in a non-rate determining step at predominately T sites. In hybrids, this preference remains the same, with some increased damage at A sites. Esp C, on the other hand, changes the chemistry of degradation from predominantly that of 5′-hydrogen abstraction to 4′-and 5′-hydrogen abstraction. Kinetic isotope effects are not observed for either substrate. The removal of the fucosyl anthrinilate moiety from esp A 1 (to make esp C) effects 4′-hydrogen abstraction in DNA-RNA hybrids, as was proposed by Christner and co-workers to occur in DNA (16) . This proposal was based on the need to remove the hindrance around the C-7 radical of esp A 1 and, additionally, to allow the drug flexibility to orient itself in either of two possible ways in the minor groove. This results in the binding step being slower than a chemical step and explains the lack of observed kinetic isotope effects in DNA. Additionally, this also explains the observation of 4′-and 5′-hydrogen chemistry on the same strand (two independent reactions) or opposite strands (double-strand cleavage by the same drug molecule). The loss of this 4′-hydrogen activity in hybrids suggests that the binding/orientation of this drug in the minor groove has changed such that the second (C7) radical reacts to either make a product that is not detectable by our method or leads to some other minor side reaction. Again, this suggests that the local structure of the DNA strand in hybrids is significantly different from that in duplex DNA.
Summary
In order to study sequence-specific, conformation-dependent recognition and cleavage by various drugs we have compared DNA-RNA hybrids to duplex DNA. We have demonstrated that BLM cleaves hybrids with some similarities in sequence preference to DNA, as is expected if the structure of the DNA strand of the hybrid is similar to the analogous strand in duplex DNA. The varying degrees of suppression are explained by at least three interdependent factors: (i) the flanking sequences dictate unfavorable local conformations in the hybrids with greater consequences than in duplex DNA; (ii) there is steric interference with BLM binding; and/or (iii) the angle between the 4′-hydrogen and the activated drug is unfavorable.
Overall, in hybrids (as compared with DNA): BLM shows GC suppression with change in sequence preference; esp A 1 shows an increased preference for A sites; esp C loses its 4′-hydrogen chemistry; NCS* chemistry is limited to the 5′-hydrogen in a non-rate determining step. Each of these drugs binds and reacts differently with the new substrates and they can conceivably be developed as probes for nucleic acid conformation.
Solution and structure studies on DNA-RNA hybrids have varied depending on the sequence analyzed, the conditions used and/or the choice of a model, i.e. homopolymer versus short oligomer. However, on the basis of 2D-NOE studies and J-coupling analysis, recent work has shown the conformation of the DNA strand to be neither A-or B-form, but an intermediate O4′-endo conformation (48) . As a result, the chemical groups in the face of the minor groove are positioned to interact uniquely with different DNA binding proteins and drugs. Understanding the interactions of nucleic acids with different conformations increases our understanding of the dynamic role that they play in controlling interactions with small molecules, leading to an increased understanding of how drugs can be better designed to target their substrates.
